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(57) Abstract 

A sound reproduction system for vehicles 
including vibrators formed by piezo-electric thin-plate 
actuators/transducers (7) rigidly secured to outer metal sheet 
walls (2, 3) of the vehicle body (1), to which generally rigid 
inner lining walls (6, 12) are connected. The piezo-electric 
actuators/transducers (7) are excited through amplifiers (9, 
10) connected to a sound pick-up and/or sound receiver 
device (11), whereby the outer metal sheet walls (2, 3) are 
vibrated so as to generate audio-frequency sounds. 
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Sound reproduction system for vehicles 



•i 



Field of the invention 

The present invention is generally related to sound 
reproduction systems, comprising sound pick-up means 
(for detecting a sound recording from a disk or 
magnetic tape support) or sound receiving means (a 
radioreceiver ) , amplifier means and sound emitter 
means . 

Prjor art 

Traditionally in the above-referenced sound 
reproduction systems the sound emitter means are 
constituted by one or more loudspeakers having 
vibrating diaphragms activated by suitable transducers- 
actuators so as to irradiate the sound energy. These 
loudspeakers have a more or less complicated and anyhow 
normally expensive construction, and installation 
thereof, particularly as far as sound reproduction 
systems placed on board of vehicles (automobiles, bus, 
industrial vehicles, agricultural tractors and earth- 
moving machines, aircrafts, railvehicles, etc.) are 
concerned, is relatively difficult and restricted by 
the limited available space. Moreover the acoustical 
performances of the conventional sound reproduction 
systems .installed on board of vehicles are remarkably 
penalized as compared to similar sound reproduction 
systems employed, for instance, within domestic 
environments. These limits derive from the background 
noise of the vehicle passenger compartment and from the 
fact that within the passenger compartment the sound 
emitting means (conventional loudspeakers), the sound 
reflecting surfaces and the audience are generally 
quite close to one another. Direct and reflected sound 



BNSDOCIO: <WO 9716048A1_I_> 



WO 97/16048 



2 



PCT/EP96/04317 



waves reach nearly simultaneously the ears of the 
vehicle passengers and, therefore, that appreciable 
effect which is named "diffused field", which 
characterises larger environments, is missed. In order 
to overcome this drawback, and thus to create diffused 
field situations, delays may be introduced among the 
various loudspeakers, so as to generate artificial 
reverberation effects. These expedients are however 
complicated, and generally give rise to unnatural and 
thus unpleasant effects for the listener. 

A more efficient solution for generating diffused 
field situation is disclosed, with particular reference 
to aircrafts, in GB-A-2020509 , according to which- 
electro-magnetic excitation actuators are applied to 
inner lining panels of the fuselage, particularly 
lining panels formed in a honeycomb or sandwich 
construction and resiliently connected to the outer 
load-bearing structure. Accordingly, these inner lining 
panels are vibrated so as to produce audio-frequency 
sounds, thus producing a uniform sound distribution. 

Similar solutions, specifically applied to 
automobiles, are also known from EP-A-0054945 , US -A- 
4,551,849 and US-A-4 , 720 , 867 . According to these 
documents, an electro-magnetic excitation device is 
also employed, which is connected to a panel forming 
part of the vehicle structure, particularly for low 
frequencies generation. Even in this case the panel is 
an inner lining element, namely a door trim or a rear 
parcel shelf . 

A further solution is disclosed in WO 90/13109 and 
GB-A-2252657 , showing a sound generation system for use 
in a vehicle to create particular effects such as the 
peculiar sound of a high performance car. This system 
makes use of vibrators mounted on vehicle panels, which 
may also be part of an active noise cancellation 
device. Neither the vibrators nor the panels on which 
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these vibrators are mounted are disclosed in detail in 
the above two documents. 

Active noise cancellation systems employing piezo- 
electric transducers are also known in the art, for 
instance from EP-A-0618 564 , specifically related to a 
railway vehicle, and from WO 95/07530, specifically 
directed to a stationary installation. These active 
noise cancellation systems are unsuitable for 
generating entertainment audio- f requency sounds, namely 
music and the like, with the required fidelity. 

In more general terms, none of the systems known 
from the above-referenced prior documents enables 
generation of diffused field sound effects with a high 
quality reproduction within a wide range of audio- 
frequencies and without negative directionality 
results, with the clearness and bri 1 1 iantness required 
in the case of musical reproductions. 

Statement of the invention 

The object of the present invention is to provide a 
sound reproduction system for vehicles overcoming the 
above drawbacks. 

In order to achieve this object, the invention is 
directed to a sound reproduction system for vehicles, 
comprising sound pick-up or sound receiver means, 
amplifier means and sound emitter means including 
vibrating means operatively associated to at least one 
panel forming part of a vehicle structure and adapted 
to vibrate so as to produce audio-frequency sound, the 
main feature of which resides in that: 

- said at least one panel consists of an outer 
sheet metal wall of the vehicle body to which a 
generally rigid inner lining wall is connected in a 
known way, 

- said vibrating means comprise at least one piezo- 
electric thin-plate actuator/transducer, known per se, 
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rigidly secured to the inner surface of said outer 
sheet metal wall, at a spaced-apart location relative 
to said inner lining wall. 

Preferably, said at least one piezo-electric thin- 
plate actuator/transducer is fixed in correspondence of 
a substantially concave area of the body outer wall, 
and a fitting and connecting rigid pad element is 
interposed between the piezo-electric thin-plate 
actuator/transducer and said concave area of the - ody 
outer wall. This pad element is conveniently form by 
a layer of high elasticity modulus resin, preferably a 
two-component epoxy resin, so as to ensure the maximum 
rigidity degree to the joint between the piezo-electric 
actuator/transducer and the body outer wall. 

According to a preferred embodiment of the 
invention, the sound reproduction system comprises a 
plurality of said piezo-electric thin-plate 
actuators/transducers applied to the body outer walls 
defining the lateral doors and the roof of the vehicle, 
respectively. 

By virtue of this arrangement, the sc .d 
reproduction system according to the invention produ. es 
in operation surrounding effects by the sound field 
inside the passenger compartment of the vehicle. This 
acoustical effects derive from the remarkable extension 
of the sound scattering surfaces, in a somehow 
"wrapping around" configuration relative to the 
audience, i.e. the passengers within the car. 
Arrangement of the piezo-electric thin-plate 
actuators/transducers secured to the outer metal sheets 
of the vehicle body enables to obtain rich and complex 
vibration modes, and consequently a quality and a 
fidelity of sound reproduction, particularly of music, 
which are surprisingly high, and not even comparable 
with the solutions according to the prior art wherein 
the vibrating elements are applied to inner lining 
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panels. This is due to the fact that, in accordance 
with the arrangement of the invention, the sounds 
produced by the vibrations of the outer sheet metal 
walls of the body are extremely brilliant and clear, 
with a high and well balanced modal density over the 
whole audible spectrum. The inner lining walls or 
panels associated to the outer sheet metal walls to 
w ^ich the piezo-e lectric thin-plate 

actuators/transducers are secured, besides defining 
with these outer walls harmonic-box elements promoting 
low frequency production, damp and absorb the acoustic 
energy associated with the high frequency sound waves. 
On the other hand, vibrational response promptness of 
the outer sheet metal walls leads to a remarkable sound 
clarity in the opening transients. 

In summary, the sound reproduction system according 
to the invention allows surprisingly to obtain sound 
emissions of very high quality, over a widest audio- 
frequency range. 

Brief desc ription of the drawings 

Further features and advantages of the invention 
will become apparent from the following detailed 
description, with reference to the accompanying 
drawings purely provided by way of non-limiting 
example, in which: 

figure 1 is a diagrammatic perspective view showing 
the body of a motorvehicle provided with a sound 
reproduction system according to the invention, 

figure 2 is a diagrammatic view showing one 
configuration example of the sound reproduction system, 

figure 3 is a sectioned and enlarged view along 
line III-III of figure 1, 

figure 4 is an elevational and partially broken- 
away view of a component of the body shown in figure 1, 
and 
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figure 5 is a sectioned and enlarged view along 
line V-V of figure 1. 



Detailed description of preferred embodiments of 
the invention 

Referring to the drawings, reference numeral 1 
designates the body of a motor vehicle comprising sheet 
metal panels 2,3 defining the outer walls of the 
lateral doors 4 and of the roof 5, respectively, of the 
vehicle . 

As diagrammatical ly shown in figure 4, an inner 
lining panel 6, normally made of plastics material and 
thus generally rigid, is secured in a known way to the 
outer sheet metal panel 2 of each lateral door 4. 
Likewise, as diagrammatical ly shown in figure 5, an 
inner lining panel 12, also normally made of plastics 
material and thus relatively rigid, is secured to the 
outer sheet metal panel 3 of the roof 5. 

According to the invention, piezo-electric thin- 
plate actuators/transducers 7 of a known type, for 
instance manufactured and marketed by EDO CORPORATION, 
U.S.A., are rigidly fixed onto the inner surfaces of 
the outer sheet metal panels 2,3 of the lateral doors 4 
and of the roof 5, respectively. In the case of the 
shown example, the piezo-electric actuators/transducers 
7 have a quadrangular shape. Other designs, such as for 
instance a circular shape, can be also envisaged. 

For the reasons which will become more apparent in 
the following, it is seasonable that each piezo- 
electric actuator/transducer 7 be fixed in 
correspondence of a concave or anyhow even only 
slightly enclosing area of the respective outer sheet 
metal panel 2,3. A fundamental requirement consists of 
that the joint between the piezo-electric 
actuator/transducer 7 and the outer sheet metal panel 2 
or 3 be extremely rigid, to the aim of preventing 
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alteration of the vibrational characteristics of the 
piezo-electric actuator /transducer upon energization 
thereof . 

To such effect, and as diagrammatical ly shown in 
figure 3 with reference to one of the lateral doors 4, 
fixing is performed by bonding, through a layer of a 
high elasticity modulus resin, preferably a two- 
component epoxy resin, forming a fitting and connecting 
rigid pad 8 between the joining surfaces of the outer 
sheet metal panel 2 (which as previously stated is 
preferably curved) and of the piezo-electric 
actuator/transducer 7 (which is normally flat). 

Figure 2 diagrammatical ly depicts by way of example 
one possible distribution of the piezo-electric 
actuators/transducers 7 on the outer sheet metal panels 
2,3. According to this arrangement, a single piezo- 
electric actuator/transducer 7 is applied to the outer 
sheet metal panel 2 of each lateral door 4, and a 
plurality (five in the shown example) of piezo-electric 
actuators/transducers 7 are applied to the outer sheet 
metal panel 3 of the roof 5. This distribution, which 
following experimental tests proved particularly 
effective, is however not to be considered in a 
limiting way: for instance, two or more piezo-electric 
actuators/transducers 7 may be applied to the outer 
sheet metal panel 2 of each lateral door 4. Moreover, 
similar piezo-electric actuators/transducers 7 could 
also be applied to the floor and /or to the outer panel 
of a rear door, if any, of the vehicle. 

Layered arrangements of the piezo-electric 
actuators/transducers 7 are also envisageable . 

Reverting to the example shown in figure 5, the 
piezo-electric actuators/transducers 7 corresponding to 
the outer sheet metal panels 2 of the left-side lateral 
doors 4, together with the piezo-electric 
actuators/transducers 7 applied to the left-side area 
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of the outer sheet metal panel 3 of the roof 5, are 
electrically connected in parallel to a left-side 
driver unit 9. Likewise, the piezo-e 1 ectr ic 
actuators/transducers 7 corresponding to the outer 
sheet metal panels 2 of the right-side lateral doors 4, 
together with the piezo-electric actuators/transducers 
7 applied to the right-side area of the outer sheet 
metal panel 3 of the roof 5, are electrically connected 
in parallel to a right-side driver unit 10. The driver 
units 9 and 10, through which energization of the 
respective piezo-electric actuators/transducers is 
piloted, are normally constituted by amplifiers, which 
are part of a sound reproduction system of a generally 
conventional type, comprising a sound pick-up and/or a 
sound receiver device 11. The sound receiver device may 
conventionally be comprised of a sound recording 
support player of mechanical, optical or magnetic type, 
and the sound receiver device may be constituted by a 
usual radio receiver. 

In practice, in the above disclosed sound 
reproduction system the conventional loudspeakers are 
replaced by the assemblies formed by the piezo-electric 
actuators/transducers 7 and by the outer sheet metal 
panels 2,3 operatively connected therewith, which 
operate as vibrating elements for the generation of 
audio-frequency sounds . 

In operation, the remarkable extension of the sound 
scattering surfaces enables achievement of particular 
acoustic effects based upon a diffused and enclosing 
sound field relative to the vehicle passengers. 
Accordingly, it is possible to reproduce within the 
vehicle passenger compartment interesting acoustic 
field effects, which can be summarised as follows: 

- surrounding effect (sound box): 

this effect can be obtained since all the main 
vehicle walls behave like acoustic scatterers. 
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Potentially the whole body may take part to sound field 
generation ; 

- surrounding effect superimposed to stereo effect : 
this effect can be achieved in case of a 

stereophonic binaural recording. The signal related to 
each channel is delivered separately for instance to 
the left-side piezo-electric actuators/transducers 7, 
via the driver unit 9, and to the right-side piezo- 
electric actuators/transducers 7, via the driver unit 
10, This effect can also be extended to four-channel 
reproduction ; 

- theatre effect : 

in case sound recording is carried out within a 
theatre employing a binaural manikin, it is possible to 
reproduce with high fidelity what is perceived by a 
listener in a particular acoustic situation due to the 
environment wherein the soundtrack is recorded, by 
supplying separately the binaural signal to the left 
and right side piezo-e lectric actuators/transducers 7, 
respectively, after introducing cross-over corrections 
by means of suitable filters. The subject effect is 
ensured by the fact that the vehicle passenger 
compartment has very high characteristics of acoustic 
absorption and, therefore, it does not contaminate the 
recorded sound field owing to additional reverberation 
due to the environment in which the sound is 
reproduced . 

The above-listed particularly pleasant and natural 
effects are evidently a consequence of the fact that 
the outer sheet metal panels 2,3 surrounding the 
passengers inside the vehicle compartment do vibrate 
and generate the sound field as a whole. In practice 
the position of the sound source is not perceptible 
and, therefore, the effect of (normally false) 
directionality, which are unavoidably associated to the 
position of the conventional discrete loudspeakers, is 
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suppressed. However, according to what has been 
previously clarified, the stereophonic effect is 
safeguarded, whenever provided in the sound recording 
stage . 

Additional positive effects deriving from the 
configuration of the sound reproduction system of the 
invention consist of remarkable bril liantness and 
clarity of the emitted sounds. Due to the presence of a 
high and well balanced modal density over the entire 
audible spectrum, a brilliant but not metallic sound 
quality is perceived. Actually, any metallic effects 
are drastically reduced by the presence of the inner 
upholstery panels 6 and 12, which damp and absorb the 
acoustic energy associated to the high frequency sound 
waves. This effect could not be obtained in case the 
piezo-electric actuators/transducers 7 be applied, 
instead than to the outer sheet metal panels 2,3, to 
the inner lining panels 6 and 12. 

Moreover, the vibrational response promptness of 
the outer sheet metal panels 2 and 3, also deriving 
from the specific way of fixing the piezo-e 1 ectric 
actuators/transducers 7 as previously disclosed, 
results into a remarkable clarity of sound even during 
the opening transients. 

Naturally, as a function of the material, of the 
extension and of the configuration of the vibrating 
outer panels, generally conventional expedients may be 
employed so as to improve emission of the acoustic 
frequency ranges, particularly of the lower ones. 

It will be apparent that the possibilities of 
application of the invention are numerous, and shall 
not have to be considered as limited by the preceding 
description. It is also to be pointed out that the 
sound reproduction system according to the invention 
can be applied not only to automobiles, but to any kind 
of vehicles, even for public transportation (bus, 
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industrial vehicles, agricultural tractors and earth- 
moving machines, aircrafts, railvehicles , watercrafts 
etc . ) . 

According to a further embodiment of the invention, 
the piezo-e lectric actuators/transducers 7 applied to 
the outer sheet metal panels of the vehicle structure 
may be employed, further to sound reproduction, also as 
active elements of a generally conventional anti-noise 
control system, so as to pilot vibrations of those 
outer panels adapted to oppose disturbing acoustic 
phenomena thereof. Accordingly, in practice the same 
piezo-electric actuators/transducers 7 can thus 
simultaneously act both for the cancellation of 
disturbing acoustic phenomena, through the active anti- 
noise control system, and for the emission of musical 
sounds . 

Moreover, according to a further peculiar 
embodiment, the system according to the invention can 
also be employed for generating sounds outwardly, over 
a proximal area, i.e. to emit towards the exterior 
vocal messages generated inside the vehicle. To such 
effect, a microphone or piezo-electric sensor 13 can be 
provided within the passenger compartment, for instance 
in proximity of the driver's seat, which through a 
related amplifier 14 provides signals to be delivered 
to the piezo-electric vibrators 7 via the left and/or 
right drive unit 9,10, respectively. 

Naturally the details of construction and the 
embodiment may be widely varied with respect to what 
has been disclosed and illustrated, without thereby 
departing from the scope of the present invention, such 
as defined in the appended claims. 
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CLAIMS 

1. A sound reproduction system for vehicles, 
comprising sound pick-up or sound receiver means (11), 
amplifier means (9,10) and sound emitter means 
including vibrating means (7) operatively associated 
to at least one panel (2,3) forming part of a vehicle 
structure (1) and adapted to vibrate so as to produce 
audio-frequency sounds, characterised in that: 

- said at least one panel consists of an outer 
sheet metal wall (2,3) of the vehicle body (1) to which 
a generally rigid inner lining wall (6,12) is connected 
in a known way, 

said vibrating means comprise at least one 
piezo-electric thin plate actuator/transducer (7), 
known per se, rigidly secured to the inner surface of 
said outer sheet metal wall (2,3), at a spaced-apart 
location relative to said inner lining wall (6,12). 

2. Sound reproduction system according to claim 

1, characterised in that said at least one piezo- 
electric thin plate actuator/transducer is fixed in 
correspondence of a substantially concave area of said 
body outer wall (2,3), and in that a fitting and 
connecting, rigid pad element (8) is interposed between 
said at least one piezo-electric thin plate 
actuator/transducer (7) and said substantially concave 
area of .said body outer wall (2,3). 

3. Sound reproduction system according to claim 

2, characterised in that said pad element (8) is formed 
by a layer of high elasticity modulus resin. 

4. Sound reproduction system according to claim 

3, characterised in that said resin is an epoxy resin. 
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5. Sound reproduction system according to claim 
1, characterised in that it comprises a plurality of 
said piezo-e lectric thin plate actuators/transducers 
(7) applied to the body outer walls (2,3) defining at 
least the vehicle lateral doors (4) and roof (5), 
respectively . 

6. Sound reproduction system according to claim 5, 
characterised in that at least one piezo-electric thin 
plate actuator/transducer (7) is applied onto each door 

(4) outer wall (2), a plurality of said piezo-electric 
thin plate actuators/transducers (7) are applied onto 
the roof (5) outer wall (3), and in that the sound 
reproduction system includes a pair of driver units 
(9,10) for piloting said piezo-electric thin plate 
actuators/transducers (7), of which one is operatively 
connected to the piezo-electric thin plate 
actuator/transducer (7) corresponding to the or each 
lateral door (4) of one vehicle side and to part of 
said plurality of piezo-electric thin plate 
actuators/transducers (7) corresponding to the roof 

(5) , and the other is operatively connected to the 
piezo-electric thin plate actuator/transducer (7) 
corresponding to the or each lateral door (4) of the 
other vehicle side and to the remaining part of said 
plurality of piezo-electric thin plate 
actuators/transducers (7) corresponding to the roof 



7. Sound reproduction system according to any of 
the preceding claims characterised in that it further 
comprises microphone means (13) arranged inside the 
vehicle and operatively connected to said at least one 
piezo-electric thin plate actuator/transducer (7) for 
producing sounds outwardly, over a proximal area, 



(5) . 
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corresponding to vocal messages generated within the 
vehicle . 



8. Sound reproduction system according to any of 
the preceding claims characterised in that said least 
one piezo-electric thin plate actuator/transducer (7) 
is further operatively connected to an active anti- 
noise vehicle control system. 

9. A vehicle comprising a sound reproduction 
system according to any of claims 1 through 8. 
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